Polyacrylontrile (PAN)/Poly (m-phenylene isophthalamide) PMIA electrospun nanofibrous membranes were hydrophobic ones that were not suitable for the removal of organic pollutants in aquatic environment. We employed an easy and simple method to convert the hydrophobic membranes into hydrophilic ones. Horseradish peroxidase (HRP) was immobilized on the modified PAN/PMIA/Cu membrane and the maximum enzyme loading was approximately 900 mg/g. Compared with free HRP, the pH, temperature, operational and storage stability were greatly improved after immobilization. Diethylstilbestrol (DES) removal experiment showed that the immobilized HRP and free HRP showed a similar removal efficiency (87% and 93%, respectively). However, the immobilized HRP has an excellent reusability.
Introduction
Endocrine disrupting chemicals (EDCs) were widely found in various materials such as pesticides, additives in food and personal care products. Humans can be easily exposed to EDCs via ingestion of food, dust and water, via inhalation of gases and particles in the air, and through the skin [1] .
In recent years, different concentrations of diethylstillbestrol (DES), a type of estrogen in EDCs, have been detected in urban sewage, lakes, oceans and other water bodies [2] . People who drink water containing DES for long time might suffer from headache, hyperpyrexia, sicchasia, anepithymia, and even death [3] .
Enzyme immobilized on nanofibrous membranes can remove EDCs to a certain extent due to its excellent properties of high removal efficiency towards organic pollutant. Polyacrylonitrile (PAN) [4] Poly(m-phenyleneisophthalamide) (PMIA) [5] are two commonly used polymers to prepare electrospun nanofibers.
Studies found that a suitable incorporation of PMIA and Cu will increase the toughness of the PAN nanofiber and thus increasing the applicability of the nanofibrous membrane for future application [6] .
In this study, we aimed to modify the commonly used PAN/PMIA/Cu membrane to change its property from hydrophobicity to hydrophobility and apply it as the carrier for HRP immobilization for DES removal. It's revealed from the results that the immobilized HRP on the modified PAN/PMIA/Cu membrane possessed an excellent performance for the removal of DES.
Materials and Methods

Materials
Polyacrylonitrile (PAN, Mw=150,000), N,N-dimethylformamide (DMF), Coomassie brilliant blue (G250), citrate phosphate buffer solution (CPBS), 2,2'-azinobis-(3-ethylbenzthizaoline-6-sulphonate) (ABTS), ethylenediamine (EDA), horse radish peroxidase (HRP) were obtained from Sigma-Aldrich. Poly (mphenyleneisophalamide) (PMIA) was supplied by Yantai Tayho Advanced Materials Co. Ltd, China. Sodium hydroxide (NaOH) was obtained from Sinopharm Chemical Reagent Co. Ltd, China. Deionized water was used in all experiments. All chemicals used were of analytical grade.
Preparation, measurement and characterization of Nanofibrous membranes
The PAN/PMIA/Cu nanofibrous membranes were fabricated by electrospinning method. Scanning electron microscopy (SEM) images were obtained using a field emission XL-30 SEM at 30 kV. The immobilization efficiency and the residual activity of free and immobilized enzyme were measured by Shimadzu UV-1700 spectrophotometer.
Immobilization of HRP on the PAN/PMIA/Cu Nanofibrous membranes
PAN/PMIA/Cu nanofibrous membrane was modified using NaOH and EDA solution to transform carboxyl groups into amino groups. The modified membranes were then placed in 1 mg/mL HRP enzyme solution for immobilization at 25 o C under gentle shaking (120 r/min). The effects of time and pH on HRP immobilization were analyzed.
Assays of immobilization efficiency
The immobilization efficiency of HRP was calculated by subtracting the amounts of HRP remained in the supernatants and washing buffer from the total enzyme initially added into the solution [7] .
Activity assay of free and immobilized HRP
Determination of HRP activity was calculated spectrophotometrically by monitoring the absorbance change of ABTS at 420 nm on a UV-1700 spectrophotometer (Shimadzu). The assay reaction contained 1mM ABTS and 0.8 mM H2O2 in 0.1 M CPBS.
Removal of diethylstilbestrol (DES) by free and immobilized HRP
Various factors that influence the removal capacity of the DES were studied. Different pH, temperature and H2O2 concentration were investigated on the removal efficiency of DES. The DES solution was treated by PAN/PMIA/Cu membrane, free HRP and HRP immobilized on PAN/PMIA/Cu (HRP-PAN/PMIA/Cu), respectively. The three different materials were added into 50 mL solutions with 20 mg/L DES and 1.2 mM H2O2, the residual concentration of the DES solution was tested using HPLC. The surface of the nanofiber was smooth with an average diameter ranged from 200 to 300 nm. Compared to (Fig 3.1a) the fiber in Fig.(3.1b) became coarse and there are some beads evenly dispersed on the membrane which might demonstrate the existence of HRP.
Results and Discussion
Characterization of the Electrospun PAN/PMIA/Cu nanofibrous membranes
Effects of pH and time on HRP immobilization
Both pH and time have significant influences on the immobilization. In the experiment, the optimum pH for HRP immobilization was between 4.5 and 6.0. This could be attributed to the loss of binding sites between enzyme and carrier. The immobilization efficiency improved with the increase of time, until it levelled off after 3.5 h. The maximum HRP loading was 900 mg/g after 3,5 h at pH 5.0 and 25 o C.
Removal of DES by free and immobilized HRP
The removal of DES was a H2O2-oxidation process catalyzed by HRP. Fig. 3.2 showed the effect of pH、temperature and H2O2 initial concentration on the removal efficiency of DES by free HRP, PAN/PMIA/Cu as well as HRP-PAN/PMIA/Cu. Fig. 3.2a showed the removal efficiency of DES reached maximum (92 %) at pH 5.0 by immobilized HRP and 90.2% by free HRP. Immobilized HRP showed higher removal efficiency towards DES than free HRP, especially under alkaline conditions. This might be explained by the protection of the carrier. Fig. 3.2b showed that the maximum DES removal efficiency could reach as high as 84.2% by free HRP at 1.2 mM of initial H2O2 concentration and 85% by immobilized HRP at an initial H2O2 concentration of 1.6 mM. A suitable amount of H2O2 is rather important in the reaction system of DES. Fig. 3.2c showed that the maximum DES removal efficiency could reach 
Conclusion
PAN/PMIA/Cu membranes fabricated by electrospinning were modified into hydrophilic ones and HRP was immobilized on the treated membranes. The maximum HRP loading was 900 mg/g and the stability and reusability of the immobilized HRP on PAN/PMIA/Cu NFMs were significantly improved compared with those of free HRP. The DES removal rate of HRP-PAN/PMIA/Cu (93%) was also similar to that of free HRP (87%). The prominent capability of HRP-PAN/PMIA/Cu NFMs should be attributed to both biocatalysis and adsorption based on the nanofibrous structure. The excellent reusability of this membrane makes it a great candidate for wastewater treatment.
